This present study investigated the effects of the addition of hydroxyapatite (HA) on the flexural strength and microstructure of conventional GIC, and its effect on the cement's initial flexural strength at different storage conditions. Specimens were fabricated by mixing HA in whisker or granule form into commercially prepared GIC, and these were subjected to a threepoint bending test and SEM observations. Some specimens were stored in different conditions from dry to wet for 15 minutes to an hour prior to testing. When compared to the control, specimens with 16-25% HA whiskers added at P/L 1.75 showed a significant increase in the flexural strength (p<0.05), and as well with 19% HA whiskers at P/L 1.75 (p<0.001) and 2.33 (p<0.05). A significant increase was also noted for those with 8-25% HA granules added at P/L's 1.75 (p<0.05), 2.5 (p<0.05) and 3.60 (p<0.01). The addition of HA hastens the development of early (15min, 1 hour) flexural strength of GIC in moist or wet conditions. These results indicate that the addition of HA, regardless of form, improve the flexural and microstructural properties of GIC.
INTRODUCTION
Since its introduction in 1971, conventional glass ionomer cement (GIC) has gained wide acceptance and popularity, mainly due to its easy handling characteristics, chemical bonding to tooth structure and fluoride release. However, its use is limited to a restorative material mainly due to its relatively poor mechanical properties in comparison to other materials.
Some of the attempts to overcome these shortcomings employed the use of metallic fillers i.e. AgSn amalgam alloy and silver powder particles, which resulted in the development of cermet-ionomer cements1). The reinforcing ability of these materials in the laboratory was reported2,3),but some reports show that metal-reinforced glass ionomer cement exhibited no improved clinical performance or lifetime expectancy for restorations of primary molars, compared to conventional GIC4,5).
In recent years, hydroxyapatite (HA) has shown promising advantages in restorative dentistry, including its biocompatibility, hardness similar to that of natural tooth and intrinsic radiopaque response6). HA has been reported as a successful reinforcement material for adhesive bone cements7,8) and dental composites6,9). In these studies, HA was reported to increase the surface hardness, toughness, flexural strength and modulus.
Very few reports on the application of HA in the GIC system are available.
The earliest report showed that the addition of HA in GIC prepared from fluoride glass resulted in a constant level of compressive strength, and working and setting times10). From this same report, HA added to GIC prepared from oxide glass resulted in reduction in compressive strength, and an increase in working and setting times.
Recently, the development of HA-ionomer bioactive cement, where HA was incorporated into GIC resulting in increased hardness, was reported11). Further investigation is necessary to clarify the role of HA in the GIC system. Mixing of cement A. The control material was mixed in accordance with the manufacturer's instructions at P/L 3.60 and at different P/L ratios (1.00, 1.25, 1.75, 2.33, 2.50). B. For the HA whisker group, GIC powder and HA whiskers at different weight percentages (10-28%) were mixed at a P/L ratio of 1.75, the resulting mixed cement being of clinically acceptable consistency, similar to that of a previous study where 12wt% of SiC whiskers were added into GIC12). After determining which weightpercentage of HA whiskers yielded the highest flexural strength, the GIC powder was then mixed with 19% HA whiskers and polyacid components at different P/L ratios (1.00, 1.25, 1.75, 2.33, 2.50, 3.60). The P/L ratio and HA weight-percentage combination resulting in the highest flexural strength, in this case being P/L 1.75 with 19% HA whiskers, was then determined and was subsequently used to prepare specimens at different mixing sequences. First, GIC powder was initially mixed with polyacid liquid before the addition of HA whiskers: (GIC powder+liquid)+HA.
Second, HA whiskers were initially mixed with the polyacid liquid before the addition of glass ionomer powder: (HA+liquid)+GIC powder. Third, GIC powder was initially mixed with the HA whiskers before the addition of polyacid liquid: (GIC powder+HA)+liq-uid.
C. For the HA granule group, HA granules at different weight percentages (5-25%) were mixed with the GIC powder and polyacid liquid at different P/L ratios (1.75, 2.50, 3.60). Scanning electron microscopy After the bending test, impressions of the fractured surfaces were taken from representative samples from each group of specimens using a vinyl polysiloxsane impression material (3M Express(R), 3M Dental, St. Paul, MN, USA). Positive replicas were fabricated using epoxy resin (Epon 815(R), Tomide 255(R), Fuji Kasei Kogyo Co. Ltd, Tokyo, Japan), coated with gold 1.5nm thick (Eiko IB-3, Japan) and observed under scanning electron microscope (JEOL JSM 5300, Tokyo, Japan). to control at the same P/L ratio. TMixing of the cement was not possible at this P/L ratio.
RESULTS

Flexural strength
A. HA whisker-added GIC Specimens with HA whiskers added showed an increase in flexural strength compared to the control as shown in Fig. 2 . A significant increase was shown with the addition of 16-25% HA whiskers with the peak at 19% HA ( Fig. 2A) Appearance o f fracture surfaces The control specimen generally exhibited an irregular fracture surface with visible exposure of numerous glass particles and particle-matrix-debonding surfaces (Fig.  4A) . Specimens with HA added, either whisker or granule, generally exhibited a somewhat smoother appearing fracture surface with fewer visible glass particles and particle-matrix-debonding surfaces (Fig. 4B ) compared to the control. Specimens with 19% HA whiskers added at P/L 1.75 showed a homogenous-appearing fracture surface with a few glass particles, particle-matrix debonding surfaces and some HA whiskers (Fig. 5A-1, 2, 3) . Specimens with 8% HA granules added at P/L 3.60 also exhibited a more homogenous-appearing fracture surface with fewer visible glass par- Table 2 Comparison of flexural strength at P/L 1.75 and 3.60 *** p<0 .001, ** p<0.01, * p<0.05 Significant difference ticles and particle-matrix-debonding surfaces ( Fig. 5B-1, 2, 3 ) compared to the control. A few HA granules ( Fig. 5B-2) were partially visible on the observed fracture surfaces. In Fig. 5A-3 , more HA whiskers and debonding surfaces were visible when the HA whiskers were added initially to the liquid before the addition of the GIC powder compared to Fig. 5A-2 , where HA whiskers were initially added to the GIC powder before the addition of the liquid. Generally for HA-added cements, the HA particles were seen to be well bonded to the cement matrix, with almost no separation occurring between HA and cement matrix (Fig. 5A-2 ).
Initial flexural strength at different storage conditions The initial flexural strength of HA-granule-added GIC at different storage conditions is summarized in Table 3 . For the control, the initial flexural strength at 15 minutes in 10 min-dry-moist, 10-min-dry-wet and wet storage conditions were significantly higher compared to the value in dry conditions (p<0.05). For the HA-added cement, it was higher both at 15 minutes and 1 hour in dry-moist, dry-wet and wet storage conditions compared to those stored in dry conditions (p<0.05). Moreover, the addition of HA led to a significant increase in flexural strength compared to the control at the same testing period in dry-moist, dry-wet and wet conditions (p<0.05). P/L ratio of 1.75 (Table 2 ). This may imply that the length and shape of the whiskers may lend a reinforcing effect to the cement. However, the finer HA granules allowed mixing and subsequent increase in flexural strength at a wider and higher P/L ratio range of 1.75-3.60 (Fig. 3) compared to 1.75-2.33 for HA whiskers (Fig. 2) . The highest increase in the flexural strength of the cement was achieved with the addition of 8% HA granules at P/L 3.60 (Table 2) . Considering the results from the different mixing sequences, the initial mixing of the GIC powder and HA whiskers yielded the greatest increase in flexural strength. This suggests that HA is participating in chemical changes that are taking place during the initial setting of the cement. This is further confirmed where the addition of HA led to significant increase in the initial flexural strength of the cement to as early as 15 minutes and 1 hour after storage in moist or wet conditions.
The increase then in the flexural strength with the addition of HA may not only be influenced by the morphology of the added HA but may primarily be dependent on a chemical reaction that takes place between the HA, glass powder and polyacid. Although the exact underlying chemical mechanism is still unknown and requires further investigation, it must involve calcium ions from the HA. HA is soluble in acidic solution and its solubility rate is rapidly increased with a pH below 2.0514). Upon contact with polyacrylic acid (pH 1.23), calcium ions may be liberated from the surface of the HA. It was demonstrated through ESCA measurements that the chemical reaction of polyacrylic acid with calcium in sintered HA resulted in the precipitation of insoluble calcium polyacrylate14). It is possible that calcium from the added HA is available earlier than other metal ions from the glass surface i.e. calcium, aluminum, strontium to react with the polyacrylic acid. In the case of Fuji IX(R), the control material in the present study, it's calcium component is mainly replaced by strontium15), as was the case with another glass ionomer cement16).
Moreover, the reaction mechanism between HA and GIC may be similar to that of adhesion of GIC to enamel and dentin, where the interaction of apatite found in the tooth structure with the polyacrylic acid produced polyacrylate ions1). Evidence of the chemical bonding taking place between the carboxyl group of the polyacid with calcium from natural tooth structure or from synthetic HA was shown through ESCA studies17).
In the SEM observation of the fracture surfaces of the control specimen, there are more glass particles and more glass-matrix-debonded sites visible due to the weakness of the glass-matrix interface.
The glass particle-matrix interface is considered to be the weakest component of GIC. This has been attributed to the mismatch in the mechanical properties of the glass-ionomer matrix and the glass particles, particularly the elastic modulus, which causes large stresses to accumulate at their interface18). However, with the addition of HA, fewer glass particles and fewer glassmatrix-debonded sites are visible so the fracture surface appears smoother and the glass particles and matrix appear more integrated.
In such a case, the fracture may have taken place mainly at the matrix and not at the glass particle-matrix interface. Better integration of microstructures, i.e. better glass particle-polymer matrix bonding, resulted in higher mechanical properties for GIC19). Moreover, a few partially exposed HA with altered shapes and sizes were found on the observed fracture surface.
Their greater length seemed to be embedded into the cement and many other HA particles may have been completely covered by the cement. This implies that there is strong bonding between GIC and HA that requires further investigation.
The 
